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ABSTRACT
In the cores of ellipticals, clusters, and groups of galaxies, the gas has a cooling time shorter than 1 Gyr. It is possible to probe cooling
flows through the detection of Fe xvii and O vii emission lines, but so far O vii has not been detected in any individual object. The
Reflection Grating Spectrometers (RGS) aboard XMM-Newton are currently the only instruments able to detect O vii in extended
objects such as elliptical galaxies and galaxy clusters. We searched for evidence of O vii through all the archival RGS observations of
galaxy clusters, groups of galaxies, and elliptical galaxies focusing on those with core temperatures below 1 keV. We have discovered
O vii resonance (21.6 Å) and forbidden (22.1 Å) lines for the first time in the spectra of individual objects. O vii was detected at a level
higher than three sigma in six elliptical galaxies: M 84, M 86, M 89, NGC 1316, NGC 4636, and NGC 5846. M 84, M 86, and M 89
are members of the Virgo Cluster, the others are central dominant galaxies of groups, and most them show evidence of O vi in UV
spectra. We detect no significant trend between the Fe xvii and O vii resonance-to-forbidden line ratios, possibly because of the limited
statistics. The observed line ratios < Fer/ f ,Or/ f >= (0.52 ± 0.02, 0.9 ± 0.2) indicate that the spectra of all these ellipticals are affected
by resonance scattering, suggesting low turbulence. Deeper exposures will help to understand whether the Fe xvii and O vii lines are
both produced by the same cooling gas or by multiphase gas. Our O vii luminosities correspond to 0.2 − 2 M⊙ yr−1, which agree with
the predictions for ellipticals. Such weak cooling rates would not be detected in clusters because their spectra are dominated by the
emission of hotter gas, and owing to their greater distance, the expected O vii line flux would be undetectable.
Key words. X-rays: clusters of galaxies – intergalactic medium – individual: IC 1459, M 84, M 86, M 89, NGC 1316, NGC 1332,
NGC 1404, NGC 4636, NGC 5846
1. Introduction
Most of the baryonic mass in clusters of galaxies is found in the
form of hot 106−8 K gas, known as intracluster medium (ICM).
The density of this gas strongly increases in the cores of the clus-
ters where the radiative cooling time is less than 1 Gyr. In the
absence of heating, this would imply hundreds of solar masses
per year cooling below 106 K (Fabian 1994). At these tempera-
tures, the gas is expected to produce prominent emission lines
from O vi in UV, as well as O vii and Fe xvii in X-rays. O vi and
O vii emissivities peak at 5 × 105 K and 2 × 106 K, respectively.
Weak cooling flows have been detected through the O vi UV
lines by Bregman et al. (2005, 2006) at the levels of 30 M⊙ yr−1
or even lower (McDonald et al. 2014) compared to the pre-
dicted 102M⊙ yr−1. Fe xvii emission lines have been discovered,
but no significant detections of O vii in any galaxy, cluster, or
group of galaxies have been reported so far. Therefore there is a
strong deficit of gas below 0.5 keV and much less cool gas than
expected from cooling-flow models (see, e.g., Peterson et al.
2003). Recently, Sanders & Fabian (2011) have stacked 4.6 Ms
of high-spectral-resolution XMM-Newton Reflection Grating
Spectrometer (RGS) spectra from galaxy clusters, groups of
galaxies, and elliptical galaxies. For those objects with a core
temperature below 1 keV, they detected O vii emission for the
first time, but they pointed out that the O vii/Fe xvii line flux ra-
tio is at least one fourth of what is expected for isobaric radia-
tive cooling. Therefore, there is either some heating process pre-
venting cooling below 0.5 keV or absorbing material around the
coolest X-ray emitting gas, or non-radiative cooling takes place
(see, e.g., Sanders & Fabian 2011 and Werner et al. 2013).
The RGS instruments aboard XMM-Newton are currently
the only high-resolution X-ray spectrometers able to detect and
resolve the O vii and Fe xvii emission lines. We searched for evi-
dence of O vii throughout all the archival XMM-Newton grating
observations as published by 2014 August. We particularly fo-
cused on those objects that exhibit low-temperature (< 1 keV)
emitting gas (see, e.g., Su & Irwin 2013). We detected O vii in
six objects at a level > 3σ, but find some evidence of O vii in
a total of nine elliptical galaxies. We benefited from excellent
new data, in particular for NGC 5846, provided by the CHEERS
project (see de Plaa et al. in prep and Pinto et al. submitted).
This letter summarizes our results. In Sect. 2 we present the
data reduction. The spectral modeling is reported in Sect. 3. We
discuss the results in Sect. 4 and give our conclusions in Sect. 5.
2. The data
The observations used in this paper are listed in Table 1. The
XMM-Newton satellite is equipped with two types of X-ray
detectors: the CCD type European Photon Imaging Cameras
(EPIC) and the Reflection Grating Spectrometers (RGS). The
RGS spectrometers are slitless, and the spectral lines are broad-
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Table 1. XMM-Newton/RGS observations used in this paper.
Source ID (a) t (ks)(b) z O vi O viitot O viisim
IC 1459 0135980201 26 0.006 Y 2.5 1.5
M 84 0673310101 64 0.0034 Y 3.7 3.4
M 86 0108260201 91 -0.0009 P 4.1 6.5
M 89 0141570101 29 0.001 P 3.1 3.3
NGC 1316 0302780101 166 0.0059 Y 6.3 6.70502070201
NGC 1332 0135980201 64 0.0052 UL 2.1 1.6
NGC 1404 0304940101 29 0.0065 UL 2.0 2.0
NGC 4636 0111190101 102 0.0037 Y 5.0 6.0201/501/701
NGC 5846 0021540101/501 195 0.0061 Y 3.6 3.70723800101/201
(a, b) Exposure ID and total RGS clean time. O vi detections are taken
from Bregman et al. (2005): Y=yes, P=possible, UL=upper limits. O vii
combined significance in units of σ: 21.6 Å and 22.1 Å significance
added in quadrature (tot) and simultaneous fit (sim) with f21.6/22.1 ≡ 1.3
as predicted by our thermal model (see Table 2 and Sect. 3.1).
ened by the source extent. We correct for spatial broadening
through the use of EPIC/MOS 1 surface brightness profiles.
All the observations have been reduced with the XMM-
Newton Science Analysis System (SAS) v13.5.0 using the latest
calibration files. We correct for contamination from soft-proton
flares following the XMM-SAS standard procedures.
For each source, we extracted the first-order RGS spectra in
two cross-dispersion regions of 3.4’ and 0.8’ widths centered on
the emission peak. These regions cover the bulk of the galaxy
emission and the cores of the galaxies, respectively. We sub-
tracted the model background spectrum, which is created by the
standard RGS pipeline and is a template background file based
on the count rate in CCD 9. For each source, we stacked the RGS
spectra of all the observations with the rgscombine task and con-
verted them to SPEX format through the SPEX task trafo. We
extracted the MOS 1 images in the 8 − 27 Å wavelength band
and obtained surface brightness profiles to model the RGS line
spatial broadening (see e.g. de Plaa et al. 2012).
Our analysis focuses on the 8−27 Å first-order RGS spectra.
The spectra are binned by a factor of 3, which provides the opti-
mal spectral bin size of about 1/3 FWHM. We perform the spec-
tral analysis with SPEX1 version 2.03.03 and scale elemental
abundances to the proto-solar abundances of Lodders & Palme
(2009). We use the updated ionization balance calculations of
Bryans et al. (2009). C-statistics and 1σ errors are adopted.
3. Spectral modeling
We have modeled the RGS spectra with a cooling flow model
(cflow), adopting a 0.1 keV minimum temperature. The cflow is
corrected for the redshift and the Galactic absorption. The col-
umn densities are estimated through the tool of Willingale et al.
(2013) to include contribution to absorption from both atomic
and molecular hydrogen. The spectral model was broadened by
the source extent through the lpro component that receives the
MOS 1 spatial profile as input. For some sources we also added
an absorbed, redshifted powerlaw to account for emission from
the central point-like source. Free parameters in the fits are the
cooling rate, the upper temperature, and the O/Fe, N/Fe, Ne/Fe,
and Mg/Fe abundance ratios (Fe and other elements are assumed
solar). We did not explicitly model the cosmic X-ray background
in RGS because any diffuse emission feature would be smeared
out into a broad continuum-like component.
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The best-fit cooling rates, upper temperatures, and O/Fe
abundance ratios are shown in Table 2. On average, the fits pro-
vide C-stat/dof=540/400. We computed an equivalent χ2r ∼ 1.35.
Contrary to hotter groups and clusters of galaxies (see, e.g.,
Peterson et al. 2003), the cflow model describes the spectra of
these cold systems very well. Their cooling rates are between 0.2
and 2 M⊙yr−1, which are typically predicted for elliptical galax-
ies (see, e.g., Sarazin & Ashe 1989). Our values are generally
larger than those measured by Bregman et al. (2005), except for
IC 1459 and NGC 1316, most likely because FUSE has a smaller
(30”) aperture than our 50” and 200” regions. The disagreement
between our Fe xvii–O vii and their O vi cooling rates may be due
to the different assumptions made; for instance, they adopted so-
lar abundances and the luminosities of one ion, O vi.
3.1. O vii detection level
To measure the significance of the O vii emission lines, we have
removed the O vii ion from the model and fitted two delta lines
fixed at 21.6 Å and 22.1 Å, which reproduce the O vii resonance
and forbidden lines, respectively. The intercombination line at
21.8 Å generally appears to be insignificant and blends with the
resonance line. These lines are corrected by the redshift, the
Galactic absorption, and the spatial broadening, as in the cflow
model. We tabulate the fluxes of these lines as measured in the
3.4’ and 0.8’ regions in Table 2. We quote the detection confi-
dence levels for the regions with the highest significance for both
O vii lines. We detected the O vii 21.6 Å resonance line at a & 3σ
level in five objects. The significance of the two lines was also
combined by adding them in quadrature (see O viitot in Table 1).
In order to have more robust results, we have fitted again the
lines by fixing their flux ratio to (r/ f ) ≡ 1.3 as predicted by
the thermal model (see O viisim in Table 1). The combination of
the lines generally strengthen the significance and in particular
provides & 3σ for M 89.
We did the same exercise for the Fe xvii emission lines by
removing the Fe xvii ion from the model and fitting four delta
lines fixed at 15.01 Å, 15.26 Å, 16.78 Å, and 17.08 Å, which are
the main Fe xvii transitions. We did not tabulate the significance
of the Fe xvii lines because they are much stronger than the O vii
lines with errors on average smaller by a factor ∼ 5 (see Sect. 4).
In Fig. 1 we show the final spectral fits with the specific mod-
eling of the oxygen and the iron lines. The plots focus on the
14–24 Å wavelength range, which includes the relevant Fe xvii
and O vii lines. The remaining emission lines are reproduced by
the cooling-flow model.
3.2. Further tests
The continuum modeling may affect the O vii line fluxes. As for
the test, we locally refit the 18–23 Å 3.4’ NGC 4636 and 5846
spectra. We still obtain > 2.3σ detections for the 21.6 Å line
in NGC 5846 and for both the lines in NGC 4636. NGC 1316–
4636–5846 have multiple observations. We confirm the detec-
tion of O vii in the RGS 1 spectra of the two individual observa-
tions of NGC 1316 and in all the observations of NGC 4636 and
NGC 5846 with exposure times above 40 ks.
An accurate background subtraction is crucial in this anal-
ysis. Our model background spectra are estimated from blank
field observations and scaled by the count rate in CCD 9 (5–
8 Å), where hardly any emission from each source is expected
(see Sect. 2). Galaxies, groups and clusters of galaxies may still
have significant emission in the 5–8 Å range. Our background
subtraction may have been more severe than the necessary one,
but this implies that our detection levels are conservative.
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Table 2. XMM-Newton/RGS cooling flow modeling and O vii local fits.
0.8’ region 3.4’ region highest σr f UV / FUSE
Source M⊙yr−1 T (keV) O/Fe O viir O vii f O viir O vii f O viir O vii f O vi M⊙yr−1
IC 1459 0.22 ± 0.04 0.79 ± 0.09 1.50 ± 0.30 0.04 ± 0.04 − 0.18 ± 0.07* −* 2.5 − Y 1.55
M 84 0.48 ± 0.02 1.10 ± 0.04 0.79 ± 0.06 0.11 ± 0.03* 0.03 ± 0.02* 0.03 ± 0.03 − 3.5 1.2 Y 0.32
M 86 0.55 ± 0.02 1.35 ± 0.06 0.89 ± 0.07 0.29 ± 0.08 − 0.50 ± 0.16* 0.48 ± 0.19* 3.2 2.6 P 0.26
M 89 0.30 ± 0.03 0.83 ± 0.06 0.94 ± 0.13 − 0.09 ± 0.04 0.15 ± 0.09* 0.24 ± 0.09* 1.7 2.6 P 0.24
NGC 1316 0.30 ± 0.01 1.07 ± 0.04 0.90 ± 0.06 0.12 ± 0.02* 0.07 ± 0.02* 0.13 ± 0.03 0.04 ± 0.03 5.2 3.5 Y 0.78
NGC 1332 0.24 ± 0.02 0.83 ± 0.06 0.60 ± 0.12 0.03 ± 0.02* 0.03 ± 0.02* − − 1.5 1.5 UL −
NGC 1404 1.19 ± 0.04 0.97 ± 0.03 0.56 ± 0.05 0.07 ± 0.06* 0.10 ± 0.06* − − 1.1 1.7 UL 0.19
NGC 4636 1.14 ± 0.02 1.06 ± 0.02 0.57 ± 0.02 0.09 ± 0.04 0.14 ± 0.04 0.23 ± 0.07* 0.28 ± 0.07* 3.2 3.9 Y 0.27
NGC 5846 1.77 ± 0.02 1.13 ± 0.02 0.62 ± 0.03 0.07 ± 0.02* 0.03 ± 0.02* 0.08 ± 0.03 0.03 ± 0.02 3.3 1.5 Y 0.87
Notes: Cooling rates, temperatures, and O/Fe abundance ratios for the 8–27 Å RGS cooling flow model. The flux and significance of each line
were measured with accurate local fits (see Sect. 3.1). Line fluxes are in photons m −2 s −1. Starred fluxes (*) are those maximizing both O vii (r, f )
detections. UV O vi detections and cooling rates (with typical &30% uncertainties) are taken from Bregman et al. (2005, see also Table 1).
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Fig. 1. XMM-Newton/RGS spectra with cooling flow models. O vii and Fe xvii are fitted separately. The O vii significance increases
upward and the 22.1 Å/21.6 Å line ratio increases rightward. The extraction regions and the rest-frame wavelengths of the O vii lines
are also indicated.
We also tested a different background for the 0.8’ and 3.4’
NGC 1316–4636–5846 spectra by selecting the standard region
outside the 98% of the source counts. This background subtrac-
tion decreases the statistics in the 20–24 Å range because it in-
cludes part of the source emission, but we still detect the 21.6 Å
line in each well-exposed RGS 1 spectrum of NGC 1316 and
5846. For NGC 4636 we only detect the 22.1 Å line.
4. Discussion
The previous detection of O vii in RGS stacked spectra of differ-
ent sources and the FUSE/UV results on O vi in E-type galax-
ies motivated us to search for O vii in the high-resolution X-ray
spectra of cool (. 1 keV) systems. We searched throughout all
the RGS archive of clusters, groups, and elliptical galaxies. In
this paper we have shown the results for those objects that show
some evidence of O vii. This is the first time that O vii is signifi-
cantly detected in a spectrum of an E-Type galaxy.
We detect the O vii (r) 21.6 Å line at a & 3σ level in five
objects: M 84, M 86, NGC 1316, NGC 4636, and NGC 5846.
IC 1459, M 89, NGC 1332, and NGC 1404 show evidence of
O vii but with lower significance. This is not surprising since
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Fig. 2. O vii VS Fe xvii resonance-to-forbidden line ratios. The
least-squares for the 0.8’ region and the combined 0.8’−3.4’
highest-σ points are shown (see also Table 2). The average
(Fe,O) values are quoted.
they are typically fainter than the former five sources (see Fig. 1),
or their observations have shorter exposure times (see Table 1).
Deeper exposures should increase the significance of the de-
tection and possibly unveil O vii in those sources whose expo-
sures were too short to provide useful constraints. The combined
21.6 Å–22.1 Å significance is & 3σ for M 89.
For some galaxies the O vii lines are only detected in one
region. The 21.6 Å line is not significantly detected in the 0.8’
spectra of IC 1459, M 89, and NGC 1404, most likely because of
the lower statistics in the narrow core. For the other five objects
the (cool) 0.8’ core provides a higher significance presumably
because the hotter lines like O viii have less of an impact on the
statistics, and the counts of the O vii lines are still high. M 86
has a broader core than the eight other sources, which makes
the lines broader and the detection more difficult. This is clearly
seen in the 3.4’ spectrum where the lines are highly broadened,
and it is not possible to resolve the 21.6 Å and 22.1 Å lines (see
Fig. 1 and Table 2). We find a > 2σ detection for all the sources
showing O vi (Bregman et al. 2005, see also Table 2).
4.1. Evidence of resonant scattering
For some objects, in particular NGC 4636, the O vii 22.1 Å for-
bidden line appears to be stronger than the resonance line,
though they would agree within the errors. In the absence of
chaotic motions, the gas is optically thick in the resonant lines
due to resonant scattering, while the forbidden lines remain opti-
cally thin. In the cores of NGC 4636 and 1404, the Fe xvii 15.0 Å
line is strongly suppressed by resonant scattering as found by
Werner et al. (2009). Their Fe xvii 15.0 Å / 17.0 Å line ratios
agree very well with our estimates.
4.2. Origin of the O vii lines
We believe that the O vii lines are produced by diffuse gas in the
galaxies and their groups for the following two reasons: 1) the
lines are at their expected, rest-frame wavelengths, and they are
too narrow to belong to either the local hot bubble or the Galactic
gas; 2) they are broadened by the source extent exactly as the
other lines (see Fig. 1), which means that the central point-like
AGN would only make a small contribution.
It is more difficult to understand whether the Fe and O lines
are produced by the same gas. We find that a single cooling flow
model is able to fit the lines very well for all the objects.
We calculated the resonance-to-forbidden (r)/( f ) line ratios
of the O vii and Fe xvii lines as measured in the 0.8’ core and
compared them in Fig. 2. If resonant scattering is occurring sim-
ilarly for the 21.6 Å and the 15.0 Å lines, then we should find
some correlation. The limited statistics of the O vii (r)/( f ) line
ratio does not allow us to put strong constraints. However, we
find a weak correlation between the oxygen and iron line ra-
tios, but their values agree with an average < Fer/ f ,Or/ f >=
(0.52± 0.02, 0.9± 0.2). Deeper exposures will help to search for
any clear trend in O–Fe (r)/( f ) line ratios.
Interestingly, our optically thin plasma models predict
Or/ f > 1.1 and Fer/ f > 0.7, depending slightly on the temper-
ature. Our low values for Fer/ f indicate that all these ellipticals
are affected by resonant scattering. This would suggest low tur-
bulence in these objects as found by Pinto et al. (submitted).
It is not possible to detect . 1 M⊙yr−1 in cluster spectra be-
cause the corresponding emission lines would be hiding under-
neath the hot gas continuum. The 50 − 100 M⊙yr−1 predicted
rates are in principle detectable in RGS spectra of brightest clus-
ter galaxies, but they have not been found. Dissipation of turbu-
lence has recently been proposed as a mechanism that prevents
cooling in clusters (see, e.g., Zhuravleva et al. 2014).
5. Conclusion
Cool core clusters and groups of galaxies and elliptical galax-
ies are thought to host gas with cooling times shorter than
the Hubble time. Weak cooling flows have been found in the
UV/FUSE O vi spectra of E-type galaxies. In the X-ray energy
band, the Fe xvii and O vii emission lines are good tools for
probing cooling gas. O vii has not been detected before in any
individual object. We searched for O vii through all the XMM-
Newton/RGS archive of galaxy clusters, groups of galaxies, and
ellipticals.
We discovered O vii resonance (21.6 Å) and forbidden
(22.1 Å) lines in a small sample of elliptical galaxies that are
all contained in galaxy groups. A level higher than 3σ was mea-
sured in six galaxies: M 84, M 86, M 89, NGC 1316, NGC 4636,
and NGC 5846. The O vii emission reveals cool diffuse gas in
these galaxies and their groups. We could not find any signifi-
cant trend between the Fe xvii and O vii resonance-to-forbidden
line ratios because of the limited statistics. However, they agree
well with < Fer/ f ,Or/ f >= (0.52 ± 0.02, 0.9± 0.2). These ratios
indicate a significant suppression of the Fe xvii 15.0 Å resonance
line and, possibly, of the O vii 21.6 Å resonance line as well by
resonant scattering. This implies low gas turbulence. The weak
∼ 1 M⊙yr−1 cooling flows discovered in these elliptical galax-
ies and group of galaxies could not be significantly detected in
clusters of galaxies because of the dominant hot continuum.
Acknowledgements. This work is based on observations of XMM-Newton, an
ESA science mission funded by ESA Member States and the USA (NASA).
YYZ acknowledges the BMWi DLR grant 50 OR 1304.
References
Bregman, J. N., Fabian, A. C., Miller, E. D., & Irwin, J. A. 2006, ApJ, 642, 746
Bregman, J. N., Miller, E. D., Athey, A. E., & Irwin, J. A. 2005, ApJ, 635, 1031
Bryans, P., Landi, E., & Savin, D. W. 2009, ApJ, 691, 1540
de Plaa, J., Zhuravleva, I., Werner, N., et al. 2012, A&A, 539, A34
Fabian, A. C. 1994, ARA&A, 32, 277
Lodders, K. & Palme, H. 2009, Met. and Plan. Science Supp., 72, 5154
McDonald, M., Roediger, J., Veilleux, S., & Ehlert, S. 2014, ApJ, 791, L30
Ciro Pinto et al.: Discovery of O vii line emitting gas in elliptical galaxies 5
Peterson, J. R., Kahn, S. M., Paerels, F. B. S., et al. 2003, ApJ, 590, 207
Sanders, J. S. & Fabian, A. C. 2011, MNRAS, 412, L35
Sarazin, C. L. & Ashe, G. A. 1989, ApJ, 345, 22
Su, Y. & Irwin, J. A. 2013, ApJ, 766, 61
Werner, N., Oonk, J. B. R., Canning, R. E. A., et al. 2013, ApJ, 767, 153
Werner, N., Zhuravleva, I., Churazov, E., et al. 2009, MNRAS, 398, 23
Willingale, R., Starling, R. L. C., Beardmore, A. P., Tanvir, N. R., & O’Brien,
P. T. 2013, MNRAS, 431, 394
Zhuravleva, I., Churazov, E., Schekochihin, A. A., et al. 2014, Nature
